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SELECTIVE DELIGNIFICATION OF WOOD AND OTHER FIBROUS MATERIALS
CHLORINE DIOXIDE, ITS GENERATION AND COST
SUMMARY
The use of chlorine dioxide for the purpose of selective delignlficatlon
appears to be more promising than other known oxidants in the present development
of holopulplng. Incorporating caustic treatments, the process is capable of
producing a versatile pulp at high yields with relatively low consumption of the
oxidant. If holopulping is to be realized in commercial practice, the cost of
chlorine dioxide will be a controlling factor in the economics of the process.
Recognizing this important point, we have followed closely the trends of chlorine
dioxide generation both in practice and in research. This report presents the
results of our survey from literature review as well as by private communications.
Thermal synthesis of chlorine dioxide from its elements is thermodyna-
mically unfavorable. However, a photosensitized method of producing atomic
chlorine and its reaction with ozone leading to the formation of chlorine dioxide
is theoretically possible. Such a possibility is being investigated in our
academic research.
The practical method of generating chlorine dioxide by reduction of
electrolytically produced sodium chlorate has been considerably improved in the
last few years, accompanied by significant lowering of cost. Among the commercial
methods, the Day-Kesting process, using hydrochloric acid as the reducing agent,
is most suitable for holopulping because its by-products, chlorine and hydrogen,
can be fully utilized, directly or indirectly, in the pulping process. A recent
version of this process patented by CHEMECH Engineering Ltd. appears to be
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especially practicable for large-scale integrated sodium chlorate-chlorine dioxide
production by virtue of improved efficiency and control. The complete process is
described in some detail. Looking ahead, the possibility of electrolytic produc-
tion of chlorine dioxide without the use of chlorate is also discussed.
By the CHEMECH process the total cost of chlorine dioxide for a plant
of 50 tons per day is estimated at about 9 cents per pound based on electric cost
of 6 mils per kw.-hr. With larger size and less expensive electricity, chlorine
dioxide may be produced at as low as 6-7 cents per pound. At these costs of
chlorine dioxide the cost of holopulp could become comparable to or even lower
than that of kraft. A discussion of a complete holopulplng process including
chemical generation and recovery will be presented in a later report.
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PREPARATION OF CHLORINE DIOXIDE
SYNTHESIS FROM GASEOUS ELEMENTS 
Since chlorine and oxygen are relatively inexpensive chemicals, the
feasibility of forming chlorine dioxide from its components should be examined in
some detail The overall reaction is
1
C1(g) + 02 (g) = C102 (g) (1)
The thermodynamic functions for chlorine dioxide at the standard pressure of one
atmosphere (ideal gas) and in the temperature range from absolute zero to 6000°K.
have recently been compiled in JANAF Thermochemical Tables (1), from which the
particular page for C102 is reproduced as Table I. The reaction is endothermic, 
as indicated by the positive values of the standard' heat of formation, and its
equilibrium is, therefore, favored by increasing temperature. However, the
equilibrium constant at 5700°K, is only about 10- atm.Y , and its value is down
to 10 s8 at 1900°K.
That the formation of chlorine dioxide from the elementary gases is
thermodynamically unfavorable may be further illustrated by equilibrium calcula-
tions. Since a high pressure promotes the yield of chlorine dioxide and a large 
excess of oxygen increases the conversion of chlorine, let the reaction conditions
be 1900°K., 100 atm.,. and 100 moles of 02 per mole of C12 as the initial mixture.
The yield of C102 will be about 10
-4 mole per mole of the initial C12, or the 
conversion of C12 about 0.005%! If air is used instead of pure oxygen, there
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In spite of the unfavorable thermal formation of chlorine dioxide, thh
possibility of a photosensitized reaction exists. According to Morris and
Johnston (2), when a mixture of Cla and 02 is photosensitized, the chlorine mole-
ri]e dissociates into atoms which react with molecular oxygen to form a short-
livpd free radical Cl-0-0 (peroxide), as distinguished from 0-Cl-0 (dioxide).
The free radical then reacts with atomic chlorine to form chlorine monoxide
which tends to degenerate into molecular chlorine and oxygen.
In the study of photosensitized decomposition of ozone by chlorine,
Norrish and Neville (3) suggested a series of reactions, to summarize briefly:
C12 + hv = 2C1 (2) ,
Cl + 03 + 02 = C103 + 02 (3) ,
2C103 (g) = C120 () (4) ,
Cl20 (o ) = 2C10 2 (g) + 02 (g) (5,)
In Reaction (2), hv represents the energy absorbed by a molecule, h being
Planck's constant and v the frequency of the incident light. The standard free
energy change'for Reaction (3) at 25°C. is -16,650 cal./mole. It is further
known that C103 may be condensed into a liquid of C1206 (4), and the latter may
be thermally decomposed into chlorine dioxide and oxygen (5) in the absence of
ozone. The last two equilibria (4) and (5) are also favorable, as indicated by
the standard free energy changes of -8, 630 and -15,900 cal /mole, respectively
The kinetics of these reactions are being studied in a thesis (6) at the Insti-
tute The rate-controlling step is probably Reaction (3), which involves
three-boxly collisions for the formation of chlorine trioxide.
I- - - - - - -
'. ' '. - I .*' . -I 
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GENERATION FROM SODIUM CHLORATE
At present, the practical method of generating chlorine dioxide remains
to be the reduction of sodium chlorate. Rapson (7) has suggested that the under-
lying reactions for all known processes are the same, namely,
HC103 + HC1 =
HClO3 + HC102
HC10 + HC1 =
HC102 + HC10
= 2C10 + H20
C12 + H20
The difference among the major processes is in the choice of reagents, as shown in
Table II.
TABLE II























For the holopulping purpose, both Na2SO4 and H2S04 are undesirable
components in the liquid effluent. By this criterion, only the use of hydro-
chloric acid will be considered. In this case, the effluent containing NaCl and
the excess HC1 may be reused in the electrolytic cells for producing NaClOs. The
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The reactions involved in the Day-Kesting process are repre
NaClO3 + 2HC1 = C102 + 2 C12 + NaCl + H20
and NaClO3 + 6HC1 = 3Cl2 + NaCl + H20
The undesirable reaction (10) may be kept at a minimum by a high cone
ratio of NaClO3 to HC1. This is made practical by integrating ClO2
with NaCl03 production so that a partially reduced chlorate solution










The Day-Kesting'process as once practiced at Brown Company, N.H., was
rather inefficient and difficult to control. Its reduction efficiency seldom
exceeded 70%, while the other processes attained efficiencies over 90%. A
recent modification of the Day-Kesting process by CHEMECH Engineering Ltd.,
Vancouver, B.C., has indicated much higher efficiencies. This process will be
described later.






The process of producing chlorate by electrolysis of chloride has long
been established as a variation of the chlor-alkali industry. The first sodium
chlorate plant in North America was in operation in 1902. The general theory
involved in the production of chlorate is well known and may be summarized by the
following reactions at 100% current efficiency:
6c- = 6cl + 6e
2H* = H2 -2e
4H20 = 2Ha + 40H- - 4e
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HC10+ OH- = C10- + H20 (15) ,
and 2HC10 + C10- = ClO3 + 2H + 2C1- (16) 
The first three electrolytic reactions are the same as in the chlorine-caustic
production. By mixing chlorine with hydroxide in the electrolyte, the next three
reactions result in the formation of chlorate. The side reactions involved are
(1) the discharge of oxyanions (C10-, OH-) at the anode, (2) the reduction of
oxyanions (C1l-) by nascent hydrogen at the cathode, and (5) the vaporization of
hypochlorous acid and chlorine.
The formation of chlorate is favored by adding hydrochloric acid to the
electrolyte, by raising the temperature, and by increasing the flow of the electro-
lyte. The discharge of C1C- cannot be entirely avoided. The reduction at the
cathode can be minimized by the addition of chromate which forms a protective film
on the electrode surface, thereby hastening the formation of hydrogen gas. The
increase of pH and temperature in the electrolyte, however, tends to release more
C12 and HC10. In practice, therefore, the current efficiency is generally in the
range of 85-95% (8). A more detailed discussion of sodium chlorate technology is
presented in a recent paper by Casson et al. (9).
ELECTROLYTIC GENERATION OF CHLORINE DIOXIDE
From the review of the present processes, the question may arise as to
the possibility of generating chlorine dioxide directly by electrolysis of hydro-
chloric acid. Such a scheme, using sulfuric acid as the electrolyte, has been
suggested by the M. W. Kellogg Company (10) as follows:
2C1- + 6H20 = 2HC103 + 10Hb + 12e (17) ,
2H2 S04 = H2S2C0 + 2Ht + 2e (18) ,
11
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14H+ =7H2- 14e - (19) ,
H2S20 + 2H20 = 2H2S 4 + H202 (20) ,
and H202 + 2HC103 = 2C102 + 02 + 2H20' (21) 
The key to this scheme is the practicability of the first anodic reaction involving
the formation of hydrogen chlorate. The electrolytic production of hydrogen
peroxide through persulfuric acid is a known process. The final reaction of
hydrogen peroxide with hydrogen chlorate may pose additional problems. It is to
be noted that this scheme requires one more faraday per mole of chlorine dioxide
than the sodium chlorate method. Nevertheless,, this is an interesting process 
as the additional C102-generating equipment may be eliminated. 
9W'
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INTEGRATED SODIUM CHLORATE-CHLORINE DIOXIDE OPERATION
DESCRIPTION OF THE CHEMECH PROCESS
This process (11) was patented in Canada in April, 1968. It is aimed
at an integrated operation for generation of chlorine dioxide from sodium chlorate
electrolytically produced on site. The first CHEMECH sodium chlorate plant
located at Bellingham, Washington, with a capacity of 4500 tons per year has been
in satisfactory operation since its installation in i965. The development of the
chlorine dioxide-generating method on a semicommercial scale up to one ton per day
was carried out at Shawinigan,.Quebec, Canada, in 1967-68.. The information so
obtained was intended to be used for the integrated process.
The complete process uses chlorine gas as the raw chemical to produce
chlorine dioxide without a liquid effluent to be disposed of. As illustrated in
Fig. 1 taken from the patent, sodium chlorate is produced by electrolysis of a
sodium chloride solution, the hydrogen gas evolved being partly utilized to form
hydrogen chloride, and the excess hydrogen may be used as a fuel. The sodium
chlorate solution is reduced by the hydrochloric acid to generate chlorine dioxide
and chlorine, which are separated by preferential absorption in water. The
chlorine gas so separated is recycled with its makeup for producing hydrogen
chloride, which is absorbed in water and stored as an inventory. The residual
solution from chlorine dioxide generation containing sodium chloride, hypochlorite,
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The stoichiometric relations of the integrated process are:
NaC1 + 3H20 + 6 faradays = NaC1O3 + 3H2 (22) j
H2 + C12 = 2HC1 (23) ,
NaClO3 + HC1 = NaCl + HC103 (24) ,
and HC103 + HC1 = C102 + E C12 + H20 (25)
Then the overall balance of chemicals and electricity may be represented by
C1 + 2H20 + (6 faradays) = C102 + 2H2 (26) 
As far as the electrolysis of sodium chloride is concerned, the minimum
decomposition potential at concentrations prevailing in practice is taken to be
2.3 volts. At 100% current efficiency the required electricity based on Faraday's
law is 696 amp.-hr./lb. NaC103. Therefore, the theoretical energy requirement is
1.6 kw.-hr. per lb. of NaClO3, which is equivalent to 2.4 kw.-hr. per lb. of C102
at 100% efficiency of generation.
According to the overall material balance, the requirement of chlorine
is 0.526 lb. for 1 lb. of chlorine dioxide. The overall reaction (26) necessi-
tates absorption of 4310 B.t.u. per lb. of C102 at 25°C. and 1 atm. However, if
the hydrogen gas is burned and condensed into water, it can supply 3650 B.t.u.
The net heat required for the generation of C102 is simply its heat of formation,
which is 660 B.t.u./lb.
PRODUCTION OF SODIUM CHLORATE
The CHEMECH electrolytic cell is of the bipolar type, using graphite
electrodes both as anode and cathode. At the Bellingham plant (12) each cell is
approximately 5 ft. wide, 15 ft. long, and 6 ft. high. The graphite plates are
Page 13
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closely spaced in the. cell, which is flooded by the electrolyte to limit the gas
space and to submerge the internal electrical connections. A battery of five
cells is used with one additional cell for alternation. The graphite is vacuum-
impregnatedwith linseed oil for a longer life. Approximately 10 tons of graphite
are required for one cell. The life of the electrodes is about one year.
The electrolyte is a saturated solution of sodium chloride. Calcium
salts are-removed in the purification process. Hydrochloric acid is added to
adjust the pH of the electrolyte, and sodium dichromate for the protection of the
cathode surface.
The electrolysis is carried out in the temperature range 40-45PC. and in
the pH range of 6.2-6.4. While high temperatures (60-70°C.) favor the formation .
of chlorate, the graphite consumption becomes excessive because of the attack on
the electrode by the oxyanions. The release of oxygen at the anode and the .
evaporation of chlorine and hypochlorous acid also increase with temperature. A 
high pH favors oxygen release and a low pH chlorine evolution.
The a.c. power supply is converted to d.c. by a silicon diode rectifier
and is fed to the cells through aluminum bus bars. Each cell requires approxi-
mately 95 volts at the rated capacity of 8000 amp. The voltage at the electrodes
is 3.5 volts and the current efficiency is 88%. The overall energy requirement
is 5400-6000 kw.-hr. per ton of sodium chlorate. The net energy efficiency is,
therefore, about 59-65%, which is comparable to those of chlorine-caustic produc-
tion.
The rate of the overall process is controlled by the reaction of hypo-
chlorous acid and hypochlorite ions. One or two reactors are provided to complete
the reaction. The partially reacted electrolyte flows to these reactors where
I
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the hydrogen gas is separated at the top. A large part of the exit liquor is
pumped through a heat exchanger to be cooled to 30-35°C. and with the addition of
NaCl is recycled to the cells. The finished liquor containing 40% NaC103 and
6.5% NaC1 is filtered with a filter aid to remove the graphite particles and sent
to a storage tank.
The material of construction in contact with chlorate is preferably
titanium. PVC or Saran may be used in less critical areas. The explosion hazard
is minimized by limiting the gas space and avoiding contamination with grease.
The system is provided with automatic shutdown and alarm devices.
GENERATION OF CHLORINE DIOXIDE
The filtered liquor mixed with the hydrochloric acid from the scrubber
is fed through a recirculation line to the generator (a packed column) in which
the acidified liquor is brought into intimate contact with the hydrogen chloride,
hydrogen, and water vapor mixture from the combustion chamber. The hot gases are
compressed and pressure regulated by recirculation through a compressor, the excess
being sent to the scrubber in which the hydrogen gas is separated from the hydro-
chloric acid. In the generator the gas stream containing chlorine dioxide and
chlorine passes through an entrainment separator to the absorber where chlorine
dioxide is dissolved in water with a small amount of chlorine. The exit gases
containing chlorine flow to the combustion chamber to be burned with excess hydrogen
from the reactor. The effluent liquor from the generator is returned to the
electrolytic system through the cooler.











Partial pressure of C12
Chlorine consumption
Power consumption
Chlorine in C102 solution.
The pilot-plant operation in Shawii
of generation is highly dependent on the opei
chloride ratio. It may vary from nearly zei
tion have not been disclosed.
COST OF GENERATION
For a 50-ton/day chlorine dioxide ]
production, CHEMECH supplied the following pi
1. Capital. The capital.requirements
to be $7.5 million for the integrate
are for 87.5 tons/day chlorate prodi
day chlorine dioxide generation. 
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17,500 tons. The efficiency'of coi
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)lant integrated with sodium chlorate
preliminary specifications:
including royalties are estimated 
ed plant, of which amount $5.5 million 
action and $2.0 million for 50 tons/
)perating by 350 days, the yearly
is, and that of chlorine dioxide 
version is 90%. The capital costs
somewhat high, as may be seen from
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Capital per Daily Ton
CHEMECH Others (9)
NaC103 plant $63,000 $52,000
i~ CL~~C102 plant $40,000 $33,000
Taking the CHEMECH figures, the depreciation at 10% a year amounts to
$43 per ton of chlorine dioxide. Adding 6% interest, the total capital
costs become $69 per ton.
2. Electricity. The overall energy requirement is 11,000 kw.-hr. per ton
of chlorine dioxide. At a conservative estimate of 6 mils/kw.-hr.,
the electricity cost is $66 per ton. For favorable locations, such as
Bellingham, the charge may be as low as 2.5 mils, which would reduce
the energy cost to $28 per ton. A reasonable average would be 4 mils
or $44 per ton.
3. Chlorine. With the recycling feature of the integrated process, the
chlorine requirement is taken to be the stoichiometric ratio of 0.526:1
(Cl2:Cl02). At the purchase price of $60 per ton, the chlorine cost
is $32 per ton of C102. This cost may be reduced appreciably if the
plant is integrated with chlorine-caustic production.
4. Materials. Graphite consumption is another major item. It is conser-
vatively estimated at 26 lb. per ton of chlorine dioxide, and could be
as low as 20 lb. At the former figure the graphite cost ($0.50/lb.)
is $13 per ton. Other materials, such as filter aid, sodium dichromate,
salt makeup, chilled water, etc., may amount to about $6 per ton.
I* ' . ',* '' ' It. . -
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5. Manpower. Labor, supervision, and maintenance constitute a relatively
low fraction of the costs because of continuous operation and automatic
control. The average man-hr. should not exceed 2, costing about $12




The cost outlook for an integrated process is summarized in Table III
for two cases.' The first is a conservative estimate for a 50-ton/day plant, and
the second a more optimistic projection for a 100-ton/day plant integrated with
chlorine-caustic production. A cost comparison with other commercial processes
is also indicated in the table.
TABLE III
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COMPARISON WITH OTHER PROCESSES
CHEMECH
NaClO 3, tons/day 87.5



































In the present state of development,
holopulping are chlorine dioxide (containing sc
sodium hypochlorite. The CHEMECH processproc
and hydrogen chloride. If, in addition, an el
is included in the holopulping process, the ch(
self sufficient, with a small amount of sodium
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the basic chemicals required for
ome chlorine), sodium hydroxide, and
iuces chlorine dioxide, hydrogen,
Lectrolytic chlorine-caustic plant
lmical requirements may be made
chloride and chlorine as makeup.
The combined spent liquors from the various stages of wood processing.
contain organic materials, chiefly modified lignin and some degraded carbohydrates,
in addition to the reacted inorganic chemicals which are primarily sodium and
chloride ions. By evaporation and combustion of the spent liquor, the organic
materials may be converted into carbon dioxide and water vapor, and the inorganic
constituents into sodium.chloride and sodium carbonate (Report Five). Perhaps
the simplest way of treating the solid residue after combustion is to dissolve it
in water, to filter off the insolubles (such as calcium compounds and carbonaceous
materials), and to convert sodium carbonate into chloride by hydrogen chloride.
It is hopeful that this relatively pure sodium chloride solution may be directly
recycled to the electrolytic cells.
Sodium hypochlorite can be readily prepared by absorbing chlorine in the
caustic solution. The excess hydrogen over the requirement of hydrogen chloride
may be used as an auxiliary fuel in the combustion of the spent liquor.
In this way nearly all the necessary chemicals would be generated from
the recovered sodium chloride at the expense of electricity. The product to be
disposed of would be principally carbon dioxide. There will also be a dilute
. 1i
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aqueous stream from pulp washing to be treated and disposed of.. Such a chemical
generation and recovery system and other possible alternatives are being examined
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